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INTRODUCTION 
The preparation of root nodule extract by Virtanen, et. al. (32), 
has created a good deal of interest in the study of plant hemoglobin 
(legoglobin). In the preparation of any new substances, it is of 
interest to determine the physical constants of the new species. 
This thesis is a result of interest in the determination of the 
physical constant called the sedimentation constant or sedimentation 
coefficient, s, and the ratio of the sedimentation coefficient to the 
diffusion coefficient, s/D, of the fractions obtained from legoglobin 
as well as an approximation of the molecular weight of these fractions. 
Ellfolk and Virtanen (8, 9) observed two components of legoglobin 
electrophoretically, and obtained the approximate molecular weight of 
the mixture by using sedimentation and diffusion data. 
In this study we electrophoretically separated two components, 
fast and slow, from the legoglobin, and a third component, referred 
to as L-I was separated by ammonium sulfate precipitation. These 
three components were used in ultracentrifugal studies to obtain data 
for the determination of both the sedimentation coefficient, and the 
ratio s/D. The latter quantity was determined by the approach to 
sedimentation equilibrium method using the boundary conditions at the 
meniscus and bottom of the cell as shown by Archibald (4), and 
the method for evaluating the area integrals as modified by Ehrenberg 
(7). 
LITERATURE SURVEY 
Sedimentation Velocity 
The laws of sedimentation and diffusion have been the object of 
much mathematical study. Outstanding in connection with later 
developments in ultracentrifugal analysis are the articles by Mason 
and Weaver bearing the titles The Settling of Small Particles in a 
Fluid (18) and The Duration of The Transit State in the Settling 
of Small Particles (33). Coincident with the contributions of 
Mason and Weaver came the development of the ultracentrifuge by 
Svedberg and his associates (27). Since the development by these 
pioneers the theory of sedimentation analysis has become quite 
complicated, and except in a comprehensive monograph, a complete 
treatment of the subject cannot be presented. 
2 
The derivations of a large number of equations for sedimentation 
constant, molecular weight, frictional coefficient, and concentration 
correction factor have been given by Svedberg and Pedersen (29). A 
more recent review of these equations covering a period of roughly 
two decades since the publication by Svedberg and Pedersen (29) and 
using a somewhat different method of derivation is given by Williams, 
Van Holde, Baldwin and Fujita (34). 
Only the equations that are more pertinent to this study will 
be given here. Some of the most quoted relationships will be 
derived. 
3 
Sedimentation velocities are used primarily to determine the sedi-
mentation rate of molecules. The movement of a sedimentation boundary in 
a centrifugal field is described in terms of a sedimentation constant. 
Solute molecules in a solvent of different density move under the 
influence of a centrifugal force. The rate at which they move is a func-
tion of the frictional resistance encountered by the molecules as they 
move through the solvent and the molecular weight of the solute molecules. 
Sedimentation velocities used in conjunction with other data, such as 
diffusion coefficients, may be used to determine molecular weights. 
Svedberg (28) has derived mathematical equations which show the 
relationship existin g between the molecular weight of homogeneous mono-
disperse particles and their sedimentation characteristics under special 
conditions in the ultracentrifuge. A derivation similar to that of 
Svedberg is as follows. Let N particles suspended in a liquid be acted 
upon by a centrifu gal force. The force acting on these particles will 
be Nv(d - d)w2 x, where vis the volume of one particle, d the density 
0 0 
of the particle, d the density of the solution (17,34), w the angular 
velocity, and x the distance from the axis of rotation. Combining N, 
the Avogadro number, and v, the volume of a molcule, we may write the 
centrifugal force as M(d - d),lx, where Mis the molecular weight. 
0 
Assume the particles under observation are far enough from the bounding 
surfaces of the fluid so that they are not influenced by changes of 
concentration in these regions. Also, assume the particles are 
electrically neutr al. In this case one may express the force on these 
particles as 
dw2 X F = Mw2 x - M 
c d 
0 
4 
or 
f = Mw2 X - Mvdw2 X (1) 
C 
where vis the partial specific volume of the solute particles, and is 
equivalent to 1/d. The force F is exactly counterbalanced by a 
0 C 
frictional force F which is proportional to the sedimentation velocity 
6 
of the particles and to a factor dependent upon the extent and shape of 
their surf ace. The frictional force per mole per unit speed is called 
the frictional coefficient, f. Hence, 
6 
F =M(l - vd)w2x = F = f dx/dt 
C 6 6 
where tis the time. 
The diffusion constant, D, is also inversely proportional to a 
molar friction al coefficient, fD (19) 
D = RT/fD 
(2) 
R is the gas constant ( 8 .314 x 107 ergs/mole/degree) and Tis the abso-
lute temperature. Theoretical evidence, as well as experimental evi-
dence based on sedimentation at different speeds, justifies the 
assumptions that the random orientation of molecular particles during 
either diffusion or sedimentation is not altered appreciably, and that 
for the same medium at the same temperature T, fD= fs to a very close 
approximation (34). Eliminating the frictional coefficient from 
equation 2 by using equation 3 one obtains 
M(l - vd)./x = RT/D dx/dt 
on rearranging 
RT • dx(dt 
M = D(l -vd) w x 
In equation 5 Svedberg has defined the expression 
s = dx(dt 
W X 
as the sedimentation constant (29). 
(4) 
(5) 
(6) 
The expression 6, upon integration yields 
8 
= ln(x2/x 1 
5 
wt ( t2 - tl) (7) 
where x1 and x2 are the distances from the axis of rotation to the boun-
dary at the times t 1 and t 2 respectively, w is the angular velocity in 
radians per second. Sedimentation constants are usually given in Svedberg 
units S, where 1 Sis equal to 1 x 10- 13 second. Sedimentation constants 
lie in a range of 0.25 to 500 x 10- 13 second, 0.25 to 500 x 10- 13 cm/sec/ 
dyne/g. 
In the sedimentation velocity method for determining sedimentation 
constants the ultracentrifuge is operated at speeds up to 60,000 r.p.m. 
so that molecules of solute which were initially uniformly distributed 
throughout the solution in the cell are caused to settle. This settling 
process leaves a r egion cont a ining only solvent molecules (of course 
assuming that the solute molecules are of greater den s ity than those of 
the solvent) in addition to the region in the cell where the concen-
tration of solute is uniform. In the region between the solvent and the 
solution of uniform concentration, call ed the plateau, is a transition 
zone in which the concentr a tion varies with the distance from the axis 
of rotation, this zone is called the boundary. The det ermination of 
the sedimentation constant is based on observations, using optical 
methods such as th e schlieren system described by Philpot (22), which 
in turn is a measure of the movement of the solute molecules in the 
plateau region. 
The concentration in the plateau region decreases at a steady rate 
during a const ant speed of centrifugation because of the following 
reasons. The solution is enclosed in a sector-shaped cell to prevent 
convection currents, hence there is a radial movement of particles, 
6 
Trautman (31) and Fujita (10) have treated this factor in some detail. 
Also, the centrifugal force changes with distance from the center of 
rotation, which in turn alters the speed of the particle movement. This 
effect upon the concentration was first discussed by Svedberg and Rinde 
(25, 26), and was calculated by Svedberg (29) in the following manner. 
Take into account the molecules contained in an annulus A of a sector 0 
angle Q and thickness k. After the lapse of time t these molecules will 
spread out within the annulus At' figure 1. 
Figure 1 
The molecules situated at the distance x + dx from the center of rotation 
0 0 
at time zero will be at xt+ dxt at time t. Because the expression 
1/w"x dx/dt is constant for certain molecular sp ecies, then dxt/xt= dx0 /x 0 
or dxt= xt dx
0
/x
0
• If we let n eq~al the number of molecules per cc at 
time zero and c
0 
and ct the concentrations wi thin the annuli A0 and At 
respectively. 
Then 
C = 
0 TCX 
0 
n 
Q k dx 
180 ° 
n 
nxt Q kxt 
180 X 
0 
dx 
0 
solving for n in terms of c in equation 8 and substituting this value 
0 
into the equation for ct and simplifying we obtain 
ct= co (xo/xt)a 
(8) 
(9) 
7 
If sedimentation starts at the distance x from the center of 
0 
rotation at the time t=O, assuming no diffusion, the boundary will have 
moved to xt after time t. xt can be calculated from equation 7 and 
written as 
W
2 
st 
X = X e t 0 
where xt and x
0 
correspond to x2 and x1 in equation 7 respectively. 
(10) 
Under these conditions when x<xt then c=O, and when x>xt then c=ct, then 
applying the corrections for the sector shape of the cell and the change 
in centrifugal force with x, equation 9, we obtain 
-2w 2 st 
C = C e t 0 (11) 
where c
0 
is the initial concentration and ct is the concentration at the 
time t, in the part of the cell where it is constant. Gutfreund and 
Ogston (12) as well as Baldwin (5) have shown that the sedimentation 
constant refers to one definite concentration. In general the sedimen-
tation constant depends on concentration, (Baldwin sug gests the term 
sedimentation coefficient in place of sedimentation constant due to this), 
and it might be thought that, since the sedimentation constant is measured 
from the boundary curves it would correspond to some concentration within 
the boundary. However, Gutfreund and Ogston (12) show that when the 
sedimentation constant is measured the concentration refers to that of 
the plateau, and this is given by equation 11. 
Generally, however, the sedimentation coefficient is evaluated by 
measuring the distance of the boundary from the center of rotation. Most 
investigators determine this distance by measuring the position of the 
maximum ordinate obtained by use of the schlieren optical system. 
From equation 6, which defines the sedimentation coefficient, one 
may write the alternative form 
1 s=, 
w 
d~x 
dt 
8 
(12) 
Using equation 12, if one makes a plot of log x versus ta straight line 
is obtained whose slope may be used in obtaining the value of the sedi-
mentation coefficient. 
In the above method for calculating the sedimentation coefficient 
it is assumed that the temperature remains constant throughout the run. 
If the temperature increases appreciably during the experiment, the 
resulting decrease in the viscosity of the solvent causes a marked in-
crease in the sedimentation coefficient with time. With the temperature 
controls now available in the ultracentrifuge this constancy of temper-
ature is possible. The dependency of the sedimentation coefficient with 
temperature is due to the viscosity effect on the frictional coefficient. 
This may be seen from the case of spherical particles by means of Stoke's 
equation of hydrodynamics 
where~ is the viscosity of the liquid, and r is the radius of the 
particles. 
If the temperature is not maintained constant a plot of the type 
using equation 12 is unacceptable. To allow for such variations Oncley 
(21) has proposed the use of a corrected time in handling the data. 
The time intervals are corrected by a factor allowing for the variation 
in the viscosity of water with temperature, and these corrected times 
are employed in a plot of log x versus t • Kegeles and Gutter (13) 
corr. 
have used a modified procedure in which they calculated individual values 
of the sedimentation coefficient for each successive photograph obtained 
over an equal interval of time. The procedure worked out is equivalent 
9 
to least squaring the temperature corrected values of log x as a linear 
function of time. In a series of five equally spaced photographs, by 
arbitrarily choosing the time at the third photograph as equal to zero, 
the slope of this least square formulation is expressed by 
sav.= (1/10)(2s 1+ 3s 2+ 3s 3+ 2s 4) 
Where s 1 , s 2 , s 3 and s4 are the values of the sedimentation coefficient 
computed from successive pairs of photographs as stated above. 
Schachman (23) mentioned the fact that the sedimentation coefficient 
for many substances is dependent upon the concentration, and runs at 
different concentrations are necessary to enable extrapolation of the 
data to infinite dilution. It is this method which will be used in this 
study. 
Sedimentation Equilibrium 
A second application of the ultracentrifuge is for the procedure 
known as the sedimentation equilibrium method. In this method the ultra-
centrifuge is operated at relatively low speeds. At these low speeds the 
transport of solute by the centrifugal force, due to sedimentation, is 
slow enough as to be counterbalanced by transport in a centripetal direc-
tion due to diffusion caused by the concentration gradient arising from 
the partial sedimentation of the macromolecules. In the early stages of 
the sedimentation equilibrium experiment there will be a decrease in the 
concentration at the meniscus, and an increase in concentration at the 
bottom of the cell. However, there will not be a region devoid of solute 
as in sedimentation velocity, because of the effect of back diffusion. 
Consequently the concentration of solute remains finite at the meniscus 
so long as the centrifuge is not operated at too high a speed. Under 
ideal conditions the concentration at the meniscus will approach a value 
10 
about one-half of the initial concentration. Conversely, the concentration 
at the bottom of the cell will approach twice the initial concentration. 
In the early stages of the experiment the concentration near the center 
of the cell is independent of the position and practically the same as 
the initial concentration. As the run proceeds the plateau region dis-
appears, and there will be only one position in the cell where the con-
centration is equal to the initial concentration. Finally after a 
considerable length of time, an equilibrium state between diffusion and 
sedimentation is reached; at this time no further changes in concentration 
occur with time. 
By the application of the principles of thermodynamics one may derive 
a relationship for molecular weight determinations using the sedimentation 
equilibrium method. The relationship as derived by Svedberg and Pedersen 
(29) may be written 
M RT (dc/dx)m 
~ (l-Vd)w1 x c 
m m 
(13) 
where the subscripts m and b refer to the meniscus and bottom of the cell 
respectively, c and (dc/dx) are the concentration and concentration 
m m 
gradient at the position x. Corresponding quantities with the subscript 
m 
b refer to position b, the bottom of the c ell. 
In contrast to the sedimentation velocity method, the sedimentation 
equilibrium method gives the molecular weight directly from the measure-
ment of the concentration gradient. Both methods require knowledge of 
the partial specific volume of the solute molecules. Despite the fact 
that the equilibrium method has a much more firm theoretical foundation 
than the sedimentation velocity method, there are only a few examples 
in the literature of its application to the study of proteins. Klainer 
11 
and Kegeles (14) have applied this method for molecular weight determin-
ation, and is of interest because they extended their study to the method 
\ 1> 
that is termed 4 approach to sedimentation equilibrium mentioned below. 
The time required for the attainment of equilibrium may be a long 
as four days for a protein of molecular weight about 60,000. This factor 
has undoubtedly been a deterrent in the application of the equilibrium 
method to proteins since many are not sufficiently stable to withstand 
the experiment. 
Due to the theoretical work of Archibald (1,2,3 and 4) it is now 
possible to obtain molecular weights and sedimentation-diffusion data in 
experiments in which equilibrium is not attained. These data are obtained 
1.."- )l in what may be called the approach to sedimentation equilibrium; this 
term may be misleading since it may imply that the experiments are con-
ducted for times almost sufficient to obtain equilibrium throughout the 
cell. Actually to use Archibald's equations there are no restrictions 
that the entire system be near equilibrium. 
In this thesis the Archibald method will be applied to the deter-
mination of the ratio of the sedimentation coefficient to the diffusion 
coefficient. The Archibald method will be applied in a similar manner 
as was done by Klainer and Kegeles (14), but the mode of evaluation will 
be simplified by using the method in t roduced by Ehrenberg (7). 
The Archibald method was originally developed in an attempt by 
Archibald to produce an exact or approximate solution of the continuity 
equation or the differential equation which is basic to nearly all types 
of ultracentrifuge experiments. This equation was derived by Lamm (15) 
and may be developed in the following manner as shown by Schachman (24). 
12 
Consider a volume element in the rotating, sector shaped ultracentri-
fuge cell, figure 2, bounded by the cylindrical surfaces at the distance 
x and x + dx, from the axis of rotation. The amount of solute that will 
be transported per unit time acros s a given surface by sedimentation, 
dm /dt, is given by the product of the concentration of the solution, c, 
s 
at the surface, the area of the surface, and the velocity of sedimentation 
of the macromolecules. 
x-------- -- - --l m 
X--------------f 
___ x+dx------------1 
-----~----------~ 
Figure 2 
Since the velocity of sedimentation at some point in the cell may be 
expressed by the sedimentation coefficient, equation 6, times the magni-
I tude of the centrifugal field, w x, we can write 
,!;ll!1 
dts = c~xasw 2 x (14) 
where ~xa is th e area of the cylindrical surface in the cell,~ being the 
angle of the sector in radians, and a is the thickness of the cell along 
the optical path, wand x having the same meaning as in previous equations. 
Since there is also transport of solute in the opposite direction 
to sedimentation due to diffusion, according to Fick's law for the mass 
transported centripetally per unit time, ~dt, 
dmD 
dt 
i}c 
= -D¢':xa~x 
Where Dis the diffusion coefficient and ~c/~x is the concentration 
gradient at the particular surface, x cm from the axis of rotation. 
13 
(15) 
From the equations 14 and 15 one may then determine the net transport of 
solute per unit time, dm/dt, across a surface in the centrifugal direction 
by adding these two terms 
dm = ¢':xa(csv! X - Doc/ox) dt (16) 
A similar equation to 15 may be written for the net transport across the 
surface x+dx. Subtraction of this equation from 15 will give a net accumu-
lation of solute per unit time in the volume, ¢'xadx. This accumulation 
per unit time can be expressed as the change in concentration with time, 
oc/~t, by the relationship 
C,c 
dt - csw
2 
x)x~ (17) 
If we assume thats and Dare independent of x and, therefore, of concen-
tration, equation 17 becomes 
1 oc 
+ - -
X ax - sw
1 (x ~ + 2c) 
Equation 18 is the differential equation basic to the ultracentrifuge 
experiments referred to earlier, and is also called the continuity 
equation of the ultracentrifuge derived by La.mm, as mentioned above. 
(18) 
The solution by Faxen in 1929, was given for sedimentation velocity 
experiments, and was a description of the shape of the resulting boundary. 
An equation similar to 18 above was used by Svedberg (28) and Oka (20) to 
show the relationship of the sedimentation and diffusion coefficients to 
molecular weight in sedimentation equilibrium experiments when (~c/3t) 
becomes zero. 
14 
In Archibald's treatments (1,2,3 and 4) in which he was attempting 
to produce either an exact or approximate solution of the continuity 
equation, he employed as a boundary condition the requirement that there 
be no net flow of solute through the surfaces at the meniscus or bottom 
of the cell. This requirement applies at all times during an experiment. 
In 1947 Archibald (4) considered this boundary condition in greater de-
tail and he recognized that its use would permit direct determination of 
the molecular weight in experiments of short duration. The discussion 
in this paper by Archibald forms the basis for the now nearly routine 
application of the ultracentrifuge to the determination of molecular 
weights. It is the basis for the application as given by Klainer and 
Kegeles (14), mentioned earlier, and is also the basis for the similar 
application by Ehrenberg (7) for the determination of the ratio of sedi-
mentation coefficients to diffusion coefficients, and molecular wei ghts. 
It is the method which will be used in this thesis. 
Because this thesis is concerned with the application of the method 
developed by Ehrenberg (7), the derivations will be given. 
Approach to Sedimentation Equilibrium 
Determination of s/D 
This method is based upon equation 16 
dm 
dt = ixa(csw
2 
x - D ~~) (16) 
which expresses the net transport of solute per unit time across a surface 
at a distance x, from the axis of rotation. As pointed out by Archibald, 
the cell is closed, therefore, the transport of solute across the meniscus, 
xm, and the bottom of the cell,¾• must be zero; in which case dm/dt 
equals zero at both places, and as a result for all values oft, equation 
15 
16 may then be written 
(19) 
Which is to say that these equations are valid for these two positions 
in the cell at all times during the experiment. 
For either the meniscus or bottom of the cell one may then rearrange 
equation 19 to 
s 1 
=--r-D cw X (20) 
Throughout the complete run the concentration adjusts itself such that at 
the two boundaries the ratio of concentration gradient to concentration, 
oc/~x/c, fulfills the conditions of equation 20. Ehrenberg describes 
how this boundary condition is used to determine the ratio of the sedi-
mentation coefficient to the diffusion coefficient, s/D, as follows. 
Two experiments are performed. In experiment A a protein solution 
is centrifuged at low speed in the synthetic boundary cell, without the 
layering technique. Three photographic exposures are t aken, one at the 
beginning, one in the middle and on e at the end of the experiment. These 
photographs will have the appearance similar to that shown in figure 3. 
Figure 3 
The photographs are enlarged, and drawings are made of the refrac-
tive index gradient curves using a convenient scale, such as one centi-
meter on the paper is equal to one millimeter in the cell. Fi gure 4a 
shows such a drawing with inlaid coordinate axes. 
y 
C 
(a) 
y 
Ymax 
Figure 4 
16 
X 
C 
(b) 
They-coordinate of the refractive index gradient is proportional to the 
concentration gradient of the substance. Thus at the meniscus we have 
(~c/ax) = k
1
y (21) 
m m 
where k1 is a proportionality constant. A similar relationship may be 
used for the bottom of the cell, however, it is seen that at the bottom 
of the cell, due to accumulation of the solute, they intercept is quite 
difficult to determine. Consequently only the meniscus will be used. 
Because of optical distortion near the meniscus the curve has to 
be extrapolated the last few millimeters on the paper. The most accurate 
values of y are, therefore, obtained from the photograph taken at the 
m 
middle of the experiment, in which case the refractive index gradient 
curves are nearly horizontal at the meniscus. 
It is essential that a region in the middle of the cell remain with 
a flat baseline with the concentration varying according to equation 11, 
viz., 
-2w 2 st 
C = C e t 0 
(11) 
Then the concentration at the meniscus at time tis given by the equation 
X 
. C 
c = ct-! c/ x dx m X (22) 
m 
Or relating this to the enlargement of figure 4a 
(23) 
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x being the x coordinate of the meniscus, x the x coordinate of a point 
m C 
in the cell where equation 11 is valid (see figure 4a); k2 is the inverse 
of the enlargement in the x direction. Using equation 20 we see that y 
corresponds to an exposure taken at time t, and the integral of equation 
23 is the surface A between the curve, the meniscus and the x axis of 
figure 4a. 
X 
A-=/cdx xY 
m 
(24) 
If we now substitute equations 21, 23 and 24 into equation 20 we obtain 
klym s 
= D 
w1 x (c e- 2w st k k A) 
m o - 1 2 
(25) 
Experiment Bis necessary to evaluate the first term in the denomin-
ator of equation 25. The same protein solution is centrifuged in the same 
synthetic boundary cell as was used for Experiment A, but with the layer-
ing technique. In all other details, such as : acceleration time, 
rot a tional speed, temperature, phase plate an gle, exposur e times, and if 
possible exposure intervals, Experiment Bis an exact duplicate of Experi-
ment A. It may be of interest to mention here that Klainer and Kegeles 
(14) may have introduced a significant error by using different cells. 
Because the lay ering technique is used in Experiment Bit is now essential 
that there be two flat regions in the curve, figure 4b, one between the 
meniscus and the peak, where the concentration of solute is zero, and 
one between the peak and the bottom of the cell, where the concentration 
is varying according to equation 11. 
As stated above, because the layering technique was used in Experi-
ment B, the concentration at the meniscus, cm, is zero, i.e., cm= 0. 
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Under these conditions equation 23 becomes 
(26) 
They in equation 26 is the concentration gradient as enlarged and shown 
in figure 4b, and is given by the area A under the curve, thus yielding 
s 
Substituting equation 27 into equation 25 we obtain 
s Ym 
D = w2 x k2 ( A - A) m s 
where y is the distance from the baseline to the intersection of the 
m 
curve and the meniscus of the enlarged drawing of the photograph from 
(27) 
(28) 
experiment A, see figure 4a. A is the area between the curve, the base-
line and the meniscus on this same drawing. A is the area between the 
s 
curve and the baseline in a corresponding exposure of Experiment B, see 
figure 4b. The areas A and A may be determined by using a planimeter 
s 
with an error usually smaller than ±1~ 
Partial Specific Volumes 
To determine the molecular weight by use of the ultracentrifuge it 
is necessary that the partial specific volume of the solute be known for 
the evaluation of the term (1-;d) in equations 5 and 13. This quantity 
is needed for either the sedimentation velocity method or the approach 
to sedimentation equilibrium method. 
The classical method for determining partial specific volume involves 
the measurements of the densities of solutions of known concentrations 
and the solvent. From each solution density, d, paired with the density 
of the solvent, d, an apparent specific volume is calculated. 
0 
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The derivation of the relationship which enables us to determine the 
partial specific volume from the apparent partial mola r volume, and the 
latter quantity from density measurements, may be shown as follows. 
The apparent molar volume of a sol ute may be defined by the follow-
ing relationship, as indicated by Glasstone (11) 
~=total volume - volume of pure solvent 
i: moles of solute 
or 
(29) 
Where the symbols are explained by the preceding relationship. Rearrang-
ing equation 29 we may obtain V explicitly 
(30) 
Differentiatin g equation 30 with respect to n2 
(31) 
where v2 by definition is the partial molar volume, in this case of the 
solute. 
For proteins it has be en found almost invariably that the apparent 
molar volume is independent of concentration, hence the differential in 
equation 31 is negligibly small and as a result V2 ~i• 
From equation 29 one may obtain the relationship, see N. Bauer 
reference 6, 
(32) 
in terms of densities, where M2 is the molecular weight of the solute 
and c2 its concentration in moles per liter. If in place of c2 we use 
c2 = 10p2~ , where p2 is the weight of solute per 100 g. of solution, 2 
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and substituting into equation 32, we obtain 
~
d - d ~ 
- 100 dd o 
P2 o 
(33) 
The parti a l specific volume, v2 = v2/M2 , is required in determining 
t he molecular wei ght, and the most convenient way to evaluate v2 is to 
calculate the apparent specific volume, p = ~/M2 . If we divide through 
equation 33 by M2 we will obtain 
~o ~ 1 (34) 
where d is the density of the solvent, dis the density of the solution. 
0 
The densities needed to evaluate the apparent specific volume from 
equation 34, may be determined by a variety of procedures which will not 
be discussed here. An excellent review of methods for determination of 
density is given by Bauer (6). 
EXPERIMENTAL PART 
Introduction 
The principal aim of the experimental work of this thesis was the 
determination of the sedimentation coefficient, s, the ratio of the 
sedimentation coefficient to the diffusion coefficient, s/D, and the 
approximate molecular weight of some protein fractions obtained from 
preparations of legoglobin. A brief description of the equipment used 
will be given here, with more specific details on technique to be 
given later. 
The separation of the so-called fast and slow components of the 
legoglobin were done by utilizin g the difference in electrophoretic 
mobilities. The instrument used for this purpose was the Model H 
Electrophoresis apparatus, manufactured by the Spinco Division Beckman 
Instruments Inc. This instrument utilizes the Tiseli us cell, and is 
equipped with a schlieren optical system for viewing and photographing 
the moving boundary. 
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The cell containing the protein samples was maintained at a con-
trolled temperature of 0.1°c. in a water-ethylene glycol refrigerated 
thermostat. For purposes of separations of the different components a 
standard cell, with a capacity of 11 milliliters, and a macro cell, with 
a capacity of 75 milliliters, were used. The separations were carried 
out with the automatic sampler attachment, and the process of separation 
viewed through the optical system. 
The sedi~entation coefficients, and the approach to sedimentation 
equilibrium experiments were obtained by using the Model E Ultracentri-
fuge, manufactured by the Spinco Division, Beckman Instruments Inc. 
The instrument was equipped with a schlieren optical system for viewing 
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and photographing the movement of the sedimenting material. The schlieren 
diaphragm had been replaced by a phase plate obtained from Beckman Instru-
ments Inc. The ultracentrifuge was equipped with a temperature control 
system in the rotor chamber, and with a temperature indicator. This tem-
perature control system was able to maintain the temperature constant to 
within +0.1°c. All determinations for this study were carried out at 
20° c. 
A 4° sector shaped synthetic boundary cell was used for both the 
sedimentation coefficient and approach to sedimentation equilibrium 
experiments. The depth of the sectorial cavity is 1.5 centimeters in a 
radial direction with respect to the rotor, and has a capacity of 0.8 
milliliter. 
The ultracentrifuge plates were measured by means of a traveling 
microscope to which had been attached a wooden box having a fluorescent 
light for illuminating the plates. The plate was placed on the glass 
top of the box, and the distance from the reference hole to the maximum 
ordinate of the peak were measured by moving the microscope along a 
calibrated scale, this scale could be read to the third decimal place 
by means of a vernier scale. Five measurements of this distance were 
taken, and the mean value was used for the calculations. The location 
of the maximum ordinate was determined by placing a fine hair on the peak 
and the cross hairs of the microscope were brought to coincidence with 
this fine hair. To determine this distance with good precision the hair 
was removed and replaced on the peak for each measurement taken. This 
method was checked on plates for myoglobin, and the values obtained 
compared with values reported in the literature, and it was found to be 
in good agreement with reported data. 
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In the determination of molecular weights it is seen from equations 
such as 5 or 13 that the partial specific volume is needed. This deter-
mination involves the measurement of densities. It was originally planned 
to obtain these densities by the method of Linderstrom-Lang and Lantz (16), 
however, due to lack of equipment necessary to maintain the fine temper-
ature control necessary, this method was not possible. The density 
measurements were obtained pycnometrically. 
Four pycnometers were constructed from five milliliter volumetric 
flasks by fusing a 1 millimeter capillary to the neck of the flasks. A 
fine line was made on the capillary by means of a diamond pencil. The 
flasks were t~en calibrated with distilled water which was kept in a 
thermostat, and the entire operation was carried out in the constant 
temperature room. The temperature of the water was maintained at 20° C. 
Experimental Methods 
Materials: The legoglobin used in the experiments that follow was 
processed from soy bean nodules that had been harvested 9 to 16 days 
prior to the fractionation. The lego globin fractionated in prior har-
vests had been assigned a letter, the first harvest being lettered A, 
the second B, etc. The series used in the experiments for this thesis 
was the series F. 
In the harvesting process the root nodules were washed in water 
immediately after digging up the plant, and the nodules were then placed 
in flasks surrounded with dry ice. The frozen nodules were stored in 
the freezer. For the fractionation process the nodules were crushed in 
the multi-mixer using triethanolamine buffer of pH 7.913 and ionic 
strength 0.05. For this preparation 2158 grams of nodules were crushed 
in 2100 milliliters of the buffer. The pH of the extraction process was 
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checked at every step with pH paper and by using a glass electrode, Beck-
man pH meter. 
After thorough crushing, the mixture was centrifuged in a refriger-
ated centrifu ge. The temperature of the extractions and crushing was 
maintained at o° C to 3° C throughout. To the centrifugate was added 
enough ammonium sulfate to make it about 1.6 molar. In order to main-
tain the pH in the neighborhood of 7.5 to 7.9 a solution of 6 molar NaOH 
was used to counteract the hydrolysis effects of the ammonium sulfate. 
The ammonium sulfate-protein solution was left standing for approximately 
thirty minutes before centrifuging. The gray residue obtained weighed 
558 grams, and the centrifugate had a volume of about 2750 ml. 
To the centrifugate was added ammonium sulfate to make the solution 
approximately 2.3 molar, again 6 M NaOH was added and the pH checked and 
found to be 7.6. After the solution stood for thirty minutes it was 
centrifu ged . A dark brown residue was obtained weighing 73 grams, and 
the centrifugate had a volume of 2780 ml. 
The centrifugate obtained was made 3.0 M with respect to ammonium 
sulf a te, and pH was 7 . 7. This solution was stored overni ght in a freezer, 
and then centrifuged. The residue was red in color and weighed 50 grams. 
This residue was labeled Series F 2.3 -3.0 M (NH4)2so4, and further 
fractionations were carried out for purification purposes to remove any 
of the more soluble proteins that might have been present. This refrac-
tionated material was called L-I, and is one of the fractions which was 
used for the sedimentation coefficient, sedimentation-diffusion coeffi-
cient ratio experiments, and for approximate molecular weight determination. 
To the centrifugate remaining after removal of the L-I fraction 
enough ammonium sulfate was added to make the solution 4 M, and pH was 7.7. 
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The residue obtained was red; weighed 66.4 grams, and was labeled Series 
This fraction was further fractionated by dissol-
ving in triethanolamine buffer pH 7.913, ionic strength 0.05, and the 
more soluble fractions removed by ammonium sulfate precipitation. The 
refractionated material was called L-I and L-II series F mixture, and 
was the fraction used for separating the fast and slow components which 
were used in sedimentation coefficient, sedimentation-diffusion coeffi-
cient ratio experiments, and for approximate molecular weight determin-
ations. 
The buffer used in all subsequent experiments had a pH of 7.90 + 
0.02, and the ionic strength of 0.05. It was prepared by dissolving 0.1 
mole of 2 ,2 1 ,i 1 nitrilotriethanol (triethanolamine), and 0 .05 mole of 
aqueous HCl per liter of solution. The pH was adjusted to the desired 
value by usin g an aqueous solution of HCl, and checking against a com-
mercial buffer of pH 6. 98 ± 0.01 at o° Casa reference. The buffer was 
stored in a cold room at about 3° C, in the outlet of the bottle was 
placed a tube containing soda lime to reduce the co2 absorption. This 
latter precaution was taken due to the observed change in previous experi-
ments of the pH when the buffer was exposed to the atmosphere. 
All dialysis on the proteins used for the experiments was carried 
out by using commercial Visking cellophane dialysis tubing with no pre-
vious treatment. 
Techniques: Prior to the fractionation of the protein fractions 
the samples were dialyzed against the triethanolamine buffer for about 
18 hours with at least three changes of buffer. Electrophoretic patterns 
were obtained on the series F mixture of L-I and L-II, and the L-I frac-
tion to observe the homogeneity. The electrophoretic patterns were 
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observed for about 7 to 8 hours until the boundary migrated out of the 
ascending channel of the cell. The patterns observed were similar to 
those shown in figures 5 and 6. 
Figure 5. Electrophoretic pattern 
observed on L-I series F refractionated, 
after 427.6 minutes. 
slow 
/""\, 
fast 
~ 
I 
Figure 6. Electrophoretic pattern for 
L-I and L-II series F mixture refraction-
ated, after 431 minutes. 
In figure 5 the peak is seen to be quite broad, several electro-
phoresis runs disclosed that this was not an anomaly, therefore, it was 
concluded that perhaps the L-I material was not a homogeneous molecular 
species. Nevertheless, the fraction was used for further experimentation. 
Figure 6 shows three peaks, the third peak which exhibits the greatest 
mobility had not been seen on any previous electrophoretic patterns 
involving other series of legoglobin, and it had not been observed on 
the L-I and L-II mixture before refractionation. Unfortunately the 
quantity of this fast component appears to be so slight as to make 
further investigation of its properties prohibitive. For want of a 
better name this component was referred to as the impurity. 
The slow component of the mixture L-I and L-II was the first elec-
trophoretic separation attempted. The technique decided upon, after 
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several experiments, for its separation may be illustrated by reference 
to figure 7. 
slow 
component 
ldirection of migration fast component 
slow+ fast 
component 
Figure 7. Schematic drawing of 
the Tiselius cell to indicate 
positions of the different frac-
tions observed with the schlieren 
optics after"' 4 hours. 
By allowing the electrophoretic run to continue for a sufficient length 
of time, approximately 4 hours for the standard cell (11 ml capacity), 
the slow component is the only one remaining in the descending channel, 
and the impurity was found to migrate into the upper vessel containing 
the buffer. After this was done the lower section of the cell is trans-
lated and the slow component was removed. Using this technique with the 
11 ml standard cell; 3 ml of solution of the slow component was obtained 
on each run. This operation was then applied to a sample in the macro 
cell (75 ml capacity), and 25 ml of a solution of the slow component 
was obtained. 
The slow component fractions obtained were combined and concentrated 
by lyophilizing. The lyophilization was done immediately to each fraction 
on separation since it appears that these proteins are more stable in 
concentrated solutions, according to Thorogood (30). 
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From figure 7 it is obvious that fast component should be obtain-
able at the same time that the slow component is separated. By using 
the automatic sampler attachment and the standard cell the separation 
of fast component was successful. However, when the 75 ml macro cell 
was used the sampling needle was not clearly visible in the view screen. 
Consequently the boundary was disturbed and the fast component was not 
obtainable. On each run using the standard cell 2.5 to 3.0 ml of the 
fast component was obtained. The solution thus obtained was quite 
dilute, and it became apparent that the quariity of fast component avail-
able for future experiments would be even less than the small quantity 
of the slow component. 
The L-I fraction was further purified electrophoretically by re-
moving the volume indicated by the broad peak, see figure 5, from the 
material indicated by the slight shoulder in the electrophoretic pattern. 
After fourteen electrophoretic preparative runs the totalamount of 
different components collected was as follows. Slow component, 10 ml of 
solution containing 0.00575 g. of dry protein per milliliter of solution; 
fast component, 7 ml of solution containing 0.00130 g. dry protein per 
milliliter of solution; L~I fraction, 12 ml of solution containing 0.00380 
g . dry protein per milliliter of solution. 
An electrophoretic pattern was obtained for each fraction prepared 
by using the micro cell (3 ml capacity). The slow component showed a 
single peak throu ghout indicating that it was electrophoretically homo-
geneous. For the fast component after 200 minutes the peak had broadened 
considerably, but distinct peaks indicating different components were 
not discernibl e . The broadening could have been due either to non-homo-
geneity, or to diffusion effects. My suspicions were that perhaps there 
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may be an additional component present that is not separable electrophor-
etically. Perhaps by other means, such as chromatography, this fast 
component can be resolved into two or more components. The L-I fraction 
showed a broad peak after about fifty minutes, however, the slight 
shoulder seen previously, figure 5, was not present. 
Ultracentrifugal techniques: On each fraction separated above, 
there were three different types of ultracentrifugal experiments per-
formed, (1) ultracentrifugation at maximum speed to determine the sedi-
mentation coefficient, (2) the ultracentrifuge was operated at lower 
speeds without layering technique for the approach to sedimentation equi-
librium, and (3) ultracentrifugation at lower speeds with layering 
technique. In each of the experiments the same 4° sector shaped cell 
was used, and procedure followed in each experiment will now be discussed. 
Sedimentation coefficients, The sedimentation coefficient was 
determined at four different dilutions, and extrapolated to infinite 
dilution because of the dependence of the sedimentation coefficient on 
concentration. The L-I fraction, slow and fast components were dialyzed 
against triethanolamine buffer for at least 12 hours with three to four 
changes of buffer, and maintained at o0 to 3° C. prior to the ultracen-
trifuge experiments. 
The conditions for each experiment are given in tables; Table I for 
the L-I fraction, Table II for the slow component, and Table III for the 
fast component. In each experiment listed the volume of protein solution 
added to the centrifuge cell was 0.4 ml. Buffer solution from the final 
change in the dialysis process was added to the cup of the cell. 
TABLE I 
Ultracentrifugation of the L-I fraction, dialyzed against 
triethanolamine buffer pH 7.90 + 0.02 and ionic strength 
- 0 0 0.05, temperature controlled at 20 C. ± 0.1 
Experiment Concentration Maximum Photography 
Number mg dry protein speed interval 
per ml solution (rpm) (min.) 
1 3.80 59,780 8 
2 3.04 59,780 8 
3 2.85 59,780 8 
4 1.90 59,780 8 
TABLE II 
Ultracentrifugation of slow component, triethanolamine 
buffer pH 7.90 + 0.02, ionic strength 0.05, temperature 
-o 0 
controlled at 20 C + 0.1 
Experiment Concentration Maximum Photography 
Number mg dry protein speed interval 
per ml solution (rpm) (min.) 
1 5.750 59,780 8 
2 4.600 59,780 8 
3 4.313 59,780 8 
4 2.875 59,780 8 
TABLE III 
---
Ultracentrifugation of fast component, triethanolamine 
0 buffer, see Tables I and II, temperature 20 C. 
Experiment 
Number 
1 
2 
3 
4 
Concentration 
mg dry protein 
per ml solution 
1.30 
1.04 
0.78 
0.65 
Maximum 
speed 
(rpm) 
59,780 
59,780 
59,780 
59,780 
Photography 
interval 
(min.) 
8 
8 
8 
8 
29 
30 
In addition to the three components mentioned above the same 
experiments were done on the unseparated mixture (L-I and L-II mixture). 
The objective in examining this solution is to see if any detectable 
difference exists between the sedimentation coefficient of the mixture 
and that of the fast and slow components. The same technique was used 
for this mixture as for the components. Data are given in Table IV. 
The concentrations are expressed in percentages comparative to the con-
centration of the most concentrated solution. 
TABLE IV 
Ultracentrifugation of unfractionated 
L-II mixture), triethanolamine buffer 
strength 0.05, temperature controlled 
legoglobin (L-I and 
pH 7.qo + 0.02, ionic 
6 - o 
at 20 + 0.1 C. 
Experiment 
Number 
1 
2 
3 
4 
Concentration 
per cent 
cone. 
Maximum 
speed 
(rpm) 
59,780 
59,780 
59,78o 
59,780 
Photography 
interval 
(min.) 
8 
8 
8 
8 
Approach to sedimentation equilibrium: Two types of experiments 
were performed as mentioned earlier. In the first experiment (Experiment 
A) 0.4 ml of protein solution was added to the cell, and no buffer was 
added to the cup, thus no layerin g was employed. In the second experi-
ment (Experiment B) 0.4 ml of protein solution was added to the cell, 
and the cup was filled with buffer. In all other details such as 
acceleration time, rotor speed, bar angle and exposure interval these 
two experiments were identical, the only difference being the so-
called layering technique in Experiment B. 
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The rotor speed for each component was determined by experi-
mentation. The speeds chosen produced photographs in each case 
satisfactory for measuring with the planimeter. Pertinent data for 
each component is shown in Table Vo The temperature in each 
experiment was controlled at 20° C 0 + 0.1 c. 
TABLE V 
---
Approach to sedimentation equilibrium 
Component Experiment Rotor Acceleration 
speed time 
(r pm) (min.) 
Slow 12,200 17 
12,200 17 
Fast 12,200 14 
12,200 14 
L-I 13,000 23 
13,000 23 
The calculations and measurements are described in greater 
detail below. 
Results And Calculations 
Sedimentation coefficients. The photographic plates obtained in 
the sedimentation coefficient experiments were measured by a tr aveling 
microscope mounted on a li ght box. The distance of the maximum ordinate 
from the reference hole was assumed to be the mean distance of five 
readings. 
Equation 6 upon converting rpm to radians per second, and natural 
logarithms to logarithms to the base 10 may be written as follows 
S = 
2.303 d log x/dt 
-
(slope)(z.303)/60 (35) 
60 w1 ~ Zit 59,780 r 
60 
32 
As mentioned earlier a plot of log x versus the time t, yields a straight 
line from which the slope may be obtained. This latter quantity may then 
be used in equation 35 to give the sedimentation coefficient. The dis-
tance x refers to the distance in centimeters of the boundary (maximum 
ordinate) from the axis of rotation. This distance is obtained by 
multiplying the photographic measurements of the distance from the 
reference hole to the maximum ordinate by the magnifaction factor obtained 
with a ruled grating, and by applying correction for the stretchin g of 
the rotor at these high speeds. The magnification factor was 1:2.290, 
i.e., 2.290 cm on the photograph represents 1 cm of the distance from 
the axis of rotation. The correction due to stretching of the rotor was 
+0.02 cm, therefore, the distance from the axis of rotation to the refer-
ence hole is 5.72 cm. 
Tables VI to IX contain the measurements on the photographic plates; 
along with the distances of the boundary from the axis of rotation, and 
the logarithm of this distance. A typical calculation of the distance 
from the axis of rotation is shown as follows 
distance of boundary from reference hole 
X = 2.290 + 5.72 
The mean distance of the maximum ordinate to the reference hole on the 
photograph is labeled r, and the mean distance of the boundary from the 
axis of rotation is labeled x in each of the following tables. 
33 
TABLE VI 
---
Measurement of ultracentrifuge plates obtained from the slow 
component at four different concentrations 
Concentration r average X 
mg dry protein (cm) deviation (cm) log x 
per ml solution 
5.750 2.232 +0.002 6.70 0.82575 
2.272 -0.004 6.71 0.82685 
2.319 0.005 6.73 0.82821 
2.370 0.004 6.76 0.82963 
4.600 1.892 0.002 6.547 0.81603 
1.931 0.001 6.563 0.81711 
1.986 0.001 6.587 0.81870 
2.036 0.002 6.609 0. 82016 
4.313 2.268 0.002 6.710 0.82675 
2.299 0.003 6.724 0. 82762 
2.348 0.002 6.745 0.82900 
2.363 0.004 6.752 0.82941 
2.422 0.003 6.778 0. 83108 
2.875 2.305 0.005 6.727 0.82779 
2.353 0.003 6.748 0.82915 
2.405 0.002 6.770 0.83060 
2.457 0.004 6.793 0.83305 
2. 512 0.004 6.817 0.83357 
TABLE VII 
Measurement of ultracentrifuge plates obtained from the 
L-I fraction at four different concentrations. 
Concentration r average X log x 
mg dry protein (cm) deviation (cm) 
per ml solution 
3.800 1.913 ±0.003 6.555 0.81660 
2.001 0.004 6.594 0.81914 
2.008 0.003 6.618 0.82163 
2.173 0.002 6.669 0.82405 
2.234 0.003 6.696 0.82579 
3.040 2.083 0.004 6.630 0.82149 
2.182 0.004 6.673 0.82439 
2.271 0.004 6. 712 0.82685 
2.348 0.004 6.745 0.83033 
2.444 0.005 6.787 0.83181 
2.850 2.247 0.002 6.701 0.82614 
2.502 0.005 6.812 0.83327 
2.618 0.002 6.863 0.83651 
2.726 0.006 6.911 0.83954 
2.823 0.008 6.954 o.84223 
1.900 1.962 0.004 6.577 0.81803 
2.146 0.003 6.657 0.82328 
2.237 0.003 6.696 0.82582 
2.313 0.005 6.730 0.82802 
2.367 0.013 6.755 0.82963 
TABLE VIII 
----
Measurement of ultracentrifuge plates obtained from the 
fast component at four different concentrations 
Concentration r average X 
mg dry protein (cm) deviation (cm) log x 
per ml solution 
1.300 2.026 +0.004 6.605 0.81987 
2.092 0.003 6.633 0.82171 
2.142 0.002 6.656 0.82321 
2.192 0.003 6.677 0.82458 
2.241 0.003 6.699 0.82601 
1.040 2.034 0.002 6.602 0. 81968 
2.076 0.005 6.626 0.82125 
2.131 0.001 6.650 0.82282 
2.185 0.003 6.674 0.82439 
2.233 0.002 6.694 0.82569 
0.780 2.187 0.004 6.675 0.82445 
2 .246 0.005 6.701 0. 82614 
2.303 0.002 6.726 0.82776 
2.359 0.005 6.749 0. 82924 
2.390 0.009 6.763 0.83014 
0.650 1.933 0.004 6.564 0.81717 
1.980 0.003 6.584 0.81849 
2.031 0.003 6.607 0.82000 
2.081 0.004 6.629 0.82145 
2.131 0.004 6.650 0.82282 
TABLE IX 
Measurement of ultracentrifuge plates obtained from the 
mixture, before electrophoretic separation. Four differ-
ent concentrations expressed as percent. 
Concentration r average X 
as percent of (cm) deviation (cm) log x 
dilution 
concentrated 2.123 +0.001 6.647 0.82263 
2.183 -o.oo6 6.674 0.82439 
2.222 0.003 6.691 0.82549 
2.266 0.003 6.709 0.82666 
2.319 0.005 6.732 0.82814 
8o,2> 2.170 0.004 6.668 0.82397 
2.228 0.003 6.693 0.82562 
2.285 0.002 6.718 0.82724 
2.333 0.003 6.739 0.82860 
2.377 0.002 6.758 0.82982 
75'/o 2.181 0.003 6.672 0.82426 
2.245 0.003 6.700 0.82607 
2.292 0.003 6.721 0.82743 
2.343 0.001 6.743 0.82885 
5oj 2.o85 0.002 6.631 0.82158 
2.142 0.003 6.655 0.82315 
2.188 0.004 6.676 0.82452 
2.241 0.002 6.699 0.82601 
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The data in Tables VI to IX were used in making the graphs of log 
x versus the time in minutes between exposure intervals. By use of 
equation 35 these graphs will yield the slope by which the sedimentation 
coefficient may be calculated. The four different concentrations are 
plotted on one graph for each component. 
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log x 
Jt--,,r 5.75 mg/ml dry protein 
Q---4 4.60 mg/ml dry protein 
--.. 2.88 mg/ml dry protein 
C>--() 4.31 mg/ml dry protein 
Time (minutes) 
Graph 1. Slow component determination of sedimentation coeffi-
cient at four different concentrations. Plot of log x versus t. 
log x 
83900 
83700 
83500 
83100 / 
82900 / 
/ 
82700 / 
82500 
82300 
82100 
81900 
81700 
81500 
0 
/ 
/ 
8 
~ 3.80 mg/ml dry protein 
l6----I( 3o04 mg/ml dry protein 
0--0 2.85 mg/ml dry protein 
l!--Ol.90 mg/ml dry protein 
16 24 
Time (minutes) 
Graph 2. Plot of log x versus time for L-I fraction. Data 
given in Table VII. Determination of sedimentation coefficient 
at four different concentrations. 
log x 
83()()() 
82900 
828oo 
82700 
82600 
82500 
82300 
82200 
82100 
81900 
818oo 
-- 1.30 mg/ml dry protein 
~ l.o4 mg/ml dry protein 
e----4) 0.78 mg/ml dry protein 
&--ii 0.65 mg/ml dry protein 
81600"---L---L--........l,----I, _ __._  _,_ ______________ _ 
O 8 16 24 
Time (minutes) 
Graph 3. Plot of log x versus time for the fast component. 
Data given in Table VIII. Determination of sedimentation 
coefficients at four different concentrations. 
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log x 
83()00 
82900 
82700 
82600 
82500 
82300 
82200 
82100 
protein concentration 
.___. concentrated 
~ 8o percent 
0-..-..0 75 percent 
o a 50 percent 
82000 __________ ~-L--L---'..___....,..___...___. _ __. _ __,,~ 
o 8 
Time (minutes) 
Graph 4. Plot of lo g x versus time for the protein mixture 
L-I and L-II before electrophoretic fractionation. Data 
given in Table IX. 
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In tables X to XIII are listed the values of the sedimentation 
coefficients obtained for each component. These values are then plotted, 
and extrapolated to infinite dilution to obtain the value of the sedi-
mentation coefficient at infinite dilution. 
' 
TABLE X 
Slow component-calculated values of the sedimentation 
coefficient at four different concentrations. 
Concentration Sedimentation Sedimentation 
mg dry protein coefficient coefficient 
per ml solution (Svedbergs) 
5.750 1.714 X 10-l 3 1.714 
4.600 1.763 X 10-l 3 1.763 
4.313 1.775 X 10-l 3 1.775 
2.875 1.832 X 10-13 1.832 
TABLE XI 
Fast component-calculated values of the sedimentation 
coefficient at four different concentrations. 
Concentration 
mg dry protein 
per ml solution 
1.30 
1.04 
0.78 
0.65 
Sedimentation 
coefficient 
l.878 X 10-l 3 
1. 891 X 10- l 3 
1.900 X 10-l 3 
1.850 X 10-l 3 
TABLE XII 
---
Sedimentation 
coefficient 
(Svedbergs) 
1.878 
1.891 
1.900 
1.850 
Unfractionated mixture (L-I and L-II)-calculated values 
of the sedimentation coefficient at four different 
concentrations. 
Concentration Sedimentation Sedimentation 
as percent of a 
coefficient coefficient 
concentrated solu- (Svedbergs) tion 
concentrated 1.727 X 10-l 3 1.727 
80% l.776 X 10-l 3 1.776 
75~ 1.782 X 10-l 3 1.782 
50_% l.837 X 10-l 3 1.837 
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-
L-I calculated values of the sedimentation coefficient 
at four different concentrations. 
Concentration Sedimentation Sedimentation 
mg dry protein coefficient coefficient 
per ml solution (Svedbergs) 
3.80 3.091 X 10-13 3.091 
3.o4 3.151 X 10-l 3 3.151 
2.85 this value was not useable 
1.90 3.208 X 10-l 3 3.208 
The data of Tables X to XIII was plotted using concentration as 
the abscissa and the sedimentation coefficient at various concentr a tions 
as the ordinate. The curve was extrapol a ted to infinite dilution; graphs 
5 to 8 are these plots. 
2.00 .------------------------------, 
0 l 2 3 4 5 
concentration mg/ml dry protein 
Graph 5. Determination of sedimentation coefficient at 
infinite dilution of slow component. The sedimentation 
coefficient at infinite dilution is 1.955. 
1.9or=--------------------------
concentration mg/ml dry protein 
Graph 6. Determination of sedimentation coefficient at 
infinite dilution of fast component. The sedimentation 
coefficient at infinite dilution is 1.93 S. 
1. 70 '---L-----1--l.--L--'--6,!---1---;!8o~_..,-_.. __ 
0 10 20 30 40 50 0 70 90 cone. 
concentration percent 
Graph 7- Determination of sedimentation coefficient at 
infinite dilution of protein mixture (L-I and L-II). The 
concentration is expressed as percent of a concentrated 
solution. The value of the sedimentation coefficient at 
infinite dilution is 1.945 S. 
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s= 
0 
.... +J ; ! 3o20 
s:: u 
Q) .... 
e'"' 3.10 
:a~ 
$0 ~-~-~--~-~-~--~-------<fl O 3.00 
0 1 2 3 4 
concentration mg/ml dry protein 
Graph 8. Determination of sedi£!entation coeffi-
cient at infinite dilution of L-I. The sedimen-
tation coefficient at infinite dilution is 3.35 S. 
In Table XIV are given the values of the sedimentation coeffi-
cients of the four different protein solutions at infinite dilution as 
obtained in the above extrapolations. 
TABLE XIV 
Sedimentation coefficients of the 
le goglobin fractions at i nfinite 
dilution. 
Legoglobin 
component 
slo w 
fast 
L-I L-II 
L-I 
Sedimentation 
coefficient 
at infinite 
dilution 
(Svedbergs) 
1.955 
1.932 
1.945 
3.35 
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Approach to sedimentation equilibrium. The procedure followed in 
this type of experiment is described on page 42, The conditions are 
shown in Table V. A 4° sector shaped cell was used for all experiments. 
The data obtained from these experiments was used in equation 28 to 
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determine the ratio of sedimentation coefficient to diffusion coefficient, 
s/D. To obtain the values necessary the photographs from Experiment A 
and B were enlarged on graph paper as illustrated in figure 4. The areas 
A and A were determined by use of a planimeter. x is determined by 
s m 
using the known distance of the reference holes in the cowiterbalance 
cell (1.60 cm.), the magnification factor of the optical system and the 
enlargement on the graph paper. y is the distance on the enlargement 
m 
as shown in figure 4a. I w is the revolutions in number of radians per 
second. 
Table XV contains the data from both types of experiments for each 
component, and the values of s/D obtained for each component upon substi-
tuting into equation 28. 
TABLE XV 
-----
Data obtained from enlargements of experiments type A and type B for 
the three legoglobin fractions. k2 in each case was found to be 0.287. 
compo- ym I X A - A s/D 
nent w m B (cm) (rad/sec) (cm) (sq. cm) ( sec 1 /cm1 ) 
slow 1.60 1.63 X 10 6.50 2.16 2.43 X 10-7 
fast 1.55 1.63 X 106 6.45 1.23 2.34 X 10-7 
L-I 1.40 1.86 X 106 6.47 o.645 6.27 X 10-7 
Partial specific volume. The apparent specific volume for each frac-
tion in Table XV was determined by means of equation 34. The densities 
were determined by means of a pycnometer. Although this method for den-
sity determinations is by no means the best, it was the only one possible 
with available equipment. The pycnometer, calibrated with distilled 
water as mentioned earlier, had a volume of 4.7325 ml. Densities of 
solutions of known concentration, in grams of protein per milliliter of 
solution, of each fraction (fast, slow, and L-I) were determined. 
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Table XVI shows the values obtained for the densities along with the 
calculated values of the apparent specific volume of the three legoglobin 
fractions. 
TABLE XVI 
-----
Densities and apparent specific volumes of the three 
lego globin fractions as calculated by use of equation 34. 
Density of solvent d =1.00179 g/ml. 
-- 0 
Component 
fast 
slow 
L-I 
Concentration 
g. protein/ml 
solution 
0.0058 
0.0013 
0.0038 
Density of Apparent 
protein specific 
solution volume 
1.00340 0.722 
1.00211 0.768 
1.00259 0.788 
-6 To obtain a precision approaching 5 x 10 one should use a pycnometer 
of about 30 ml capacity as pointed out by Bauer (6). This large volume 
is prohibitive in the case of the legoglobin fractions, nevertheless 
with the precautions taken, values were obtained accurate to +4 in the 
5th decimal place. 
Approximate molecular weights. The values of the diffusion coeffi-
cient were determined from the s/D ratio, and from the calculated sedi-
mentation coefficient at infinite dilution. This value of the molecular 
weight is approximate due to errors inherent in the methods used. Pos-
sible sources of error are discussed below. 
The areas of the curves used in the determination of s/D can be 
determined to zl%. The distance y is determined to +ig, the radius 
m 
of the meniscus is known to z0.1J 0 • Specifications given for the ultra-
centrifuge state that the rotor speed is constant to ;t0.5,% or to ;tl% in 
The error in temperature may be about o.o4i. All contributions added 
together give a possible error of 3.5J 0 in the value of s/D. The 
I 
w • 
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determination of the sedimentation coefficient by plotting the log x 
versus the time, and using the slope of the straight line with subsequent 
extrapolation of s to infinite dilution may introduce an error of approxi-
The most significant error introduced into the molecular weight 
determinations are introduced in the values of the apparent specific 
volumes. Because the partial specific volumes are from 0.70 to 0.78 ml/g, 
and the density is close to unity, the error introduced in the determin-
ation of the partial specific volumes is multiplied by a factor of three 
in the final calculations of molecular weights, see equation 36. From 
the relationship for the apparent specific volume, p, we see that the 
partial specific volume, T, is determined by the differenced - d. To 
0 
measured - d to 0.1% we need to know the density to a precision of 
0 
z2.5 in the sixth place. As mentioned above this precision was not pos-
sible with the small volumes used. 
The molecular weights were determined by using the Svedberg equa-
tion (29), see equations 5 and 6. 
M RTs 
:a D(l - vd) 
0 
where R is the gas constant, 8.314 x 107 ergs/mole/degree, Tis the 
(36) 
absolute temperature, and the other symbols are the same as in previous 
equations. 
By means of the sedimentation coefficients given in Table XIV, and 
the s/D values in Table XV, the value of the diffusion coefficient of 
each component was determined. From Table XVI we find the value of the 
partial specific volume, and the density of the solvent, d. Table XVII 
0 
shows the results obtained for the diffusion coefficients, and the mole-
cular weights obtained from equation 36. 
TABLE XVII 
---
Diffusion coefficients and approximate 
molecular weights of three legoglobin 
fractions 
Component 
slow 
fast 
L-I 
Diffusion 
coefficient 
(cm1 /sec) 
8.1 X 10-? 
8.4 X 10- 7 
5.3 X 10-? 
Approximate 
molecular 
weight 
25,400 
20,200 
71,600 
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DISCUSSION 
The molecular weights shown in Table XVII are higher than those 
reported by Ellfolk and Virtanen (8,9) for legoglobin fractions. One 
molecular weight of 35,500 was reported perhaps it is equivalent to 
the unfractionated L-I and L-II mixture from which we obtained the 
fast and slow components. These authors did not have a fraction 
similar to our so-called L-I fraction. 
The fraction which is referred to as L-I is undoubtedly a non-
homogeneous protein. The electrophoretic patterns show very broad 
peaks characteristic of a mixture. It is possible this particular 
fraction could be separated into more components by some other means 
such as column chromatography, or gradient electrophoresis o 
In the determination of the sedimentation coefficient the L-I 
fr ction showed unusual behavior, as can be seen fromm the graph of 
log x versus t. The curve, in one case particularly, rose very 
ra pidly the first eight minutes, and then assumed a more gentle slope. 
It was beleived at first that the rise was due to a leak in the 
system, but repeated experimentation showed this was not the case. 
A search of the literature did not disclose any like situation. This 
unusual behavior might possibly result from the presence of more 
than one molecular species. It is known that mixtures do exhibit 
variations in the sedimentation coefficient. 
The Archibald method of approach to sedimentation equilibrium 
has been applied to proteins as well as with small molecules by 
many workers. Ehrenberg (7), through his derivations arrived at a 
method whereby the value of s/D can be determined. In this work we 
obtained the value of the diffusion coefficient for the legoglobin 
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fractions by using the known sedimentation coefficients, and the values 
of the s/D ratio. Recently Ellfolk (35) has reported values of the 
diffusion coefficient of some legoglobin fractions obtained by chromato-
graphic separationeo His diffusion coefficients were determined by 
classical methods, and compare quite favorably with the values obtained 
from the Ehrenberg method. -7 • Ellfolk reports values of 8.5 x 10 cm /sec 
and 11.l x 10-? cm• /sec for two fractions. The sedimentation coeffi-
cient values are very nearly identical to those determined in this study. 
Further work could be done in the evaluation of the diffusion 
coefficients by using this method in conjunction with the equations 
derived by Fujita (10) in which he applies corrections due to the 
variation of the sedimentation and diffusion coefficients with the 
concentration. 
A further comparison of the diffusion coefficients, and the 
sedimentation coefficients obtained for the legoglobins with other 
proteins may be of interest at this point o 'l'hese compar:1.sons are 
shown in Table XVIII. 
~ XVIII 
Diffusion and sedimentation properties of the legoglobin 
fractions and other proteins 
Protein 
Legoglobin 
Fast 
Slow 
L-I 
Hemoglobin 
Insulin 
Sedimentation 
coefficient 
(sec x 1ol3) 
1.932 
1.955 
3.35 
4.41 
3.5 
Diffusion 
coefficient 7 (er!/ sec x 10 ) 
8.4 
8.1 
5.3 
6.3 
8.2 
Molecular 
weight 
20,200 
25,400 
71,600 
68,ooo 
41,000 
(1). 
(2) 0 
{3)o 
( 4). 
(5) 0 
Archibald, W.J o 
Archibald, W.J • 
Archibald, W.J • 
Archibald, W.J. 
Baldwin, R.L. 
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